During the last decade a series of twin studies has shown that approximately 25% of the variation in lifespan is caused by genetic differences. This seems to be a rather consistent finding in various Nordic countries across different time periods among other species not living in the wild (Finch & Tanzi, 1997; Herskind et al., 1996; Iachine et al., 1998; Ljungquist et al., 1998) .
For extreme longevity, moderate familial clustering has also been observed: Perls and co-workers found that the survival ratio for siblings of centenarians versus siblings of 73-year-olds was about four-fold for ages 80-94 (Perls et al., 1998) . Kerber et al. (2001) also found, based on Mormon genealogies, an increased recurrence risk for siblings for surviving to extreme ages, although the estimate was some wha t lower than for the cen ten arians. Gudmundsson and colleagues (2000) using the populationbased genealogy in Iceland, found that the first-degree relatives of the probands who live to an extreme old age ( 95 percentile) are twice as likely as the controls to survive to the same age. Our preliminary Danish work suggests that siblings born after centenarians have a four-fold increased chance of becoming centenarians compared to their birth-cohort (Skytthe et al., 2002) .
A large ongoing research effort is underway to identify the genetic, environmental, and behavioral determinants of extreme survival by comparing centenarians with younger cohorts (association studies). However, such studies suffer from the lack of an appropriate comparison group as cohort specific characteristics may confound the comparison between the centenarians and younger cohorts. To date, only one common polymorphism, namely Apo-E e2 {ARG158CYS} of the ApoE e2/e3/e4 polymorphism, has consistently been shown to be associated with survival until extreme ages (Gerdes et al., 2000) .
There are few genetic linkage studies of extreme and healthy survival. Perls and co-workers performed a genome-wide scan for detection of regions of significant linkage potentially harbouring one or more QTLs associated with extreme survival using 308 individuals belonging to 137 sibships demonstrating exceptional longevity. By using nonparametric analysis, borderline significant evidenc e for linkag e was noted for chromosome 4 at D4S1564 (Puca et al., 2001) .
As pointed out by Putter et al. in this issue the affectedsib pair method provides a powerful method for identifying genetic variants but at present there are no affected sib-pair studies of extreme survival apart from the study by Puca et al. (2001) . In this paper we outline the possibilities for GenomEUtwin to identify rare sibships (i.e., dizygotic twin pairs) where both have survived to extreme ages, as a basis for identifying genetic variants of importance for extreme survival. Finally, this paper will expand previous analyses of lifespan in the Danish Twin Registry to include the 1901-1910 cohorts.
How to Define Longevity Longevity can be defined in numerous ways. If the interest is normal variation in lifespan then age at death can be used as the phenotype (often with some lower limit to exclude child mortality and accidents from studies of adult mortality or "natural causes" of death).
Often the interest will, however, be in extreme longevity (EL). The most appropriate definition of EL depends heavily on the research question. Below the strengths and weaknesses of different definitions are highlighted. 1. Age: The most obvious and simple definition for EL is those individuals who have survived past some certain age. However, this simple definition does not take into account factors affecting survival such as gender, population shifts, and secular trends, for example. The "exceptionality" of being a centenarian depends heavily on sex and birth cohort. For example, while the proportion of males born in 1900 who became a centenarian is 0.26% in the US, the expected proportion of females born in 1920 who will become centenarians is 10 times bigger (2.65%). Another practical consideration is the availability of a sufficient number of potential subjects to produce adequately powered studies; for example, surely a 99-year-old individual exhibits EL despite the fact that she/he may not have reached the 100 year cutoff for a particular study. 2. Sex-and cohort-specific top x%: That is, the x% most long-lived individuals of one sex within a certain cohort (e.g., the top 1% of males born in the United States {US} in 1900) or sub-cohort (e.g., the top 1% of AfroAmerican males born in the US in 1900). Selecting the age cutoff this way eliminates the effect of secular trends. Based on the US cohort life tables, the probability of surviving to age 95 for men is similar to the survival probability to age 100 for women for all cohorts. These data also indicate that survival to age 90 for women may not be "all that exceptional" at least for cohorts born in 1910 and 1920. Further, the secular decline in mortality during the 20th century has influenced cohort survival. By choosing appropriate sex and cohort specific percentile cutoffs, one can produce a definition of EL that reflects the actuarial data and controls for some important confounding factors. The actual value of "x" used depends again on the research question. 3. Deviation in lifespan: Which can be seen as a generalization of number 2. In this approach not only sex and cohort information is included, but also information on environmental and behavioral factors. The phenotype of interest will then be the difference between the observed lifespan and the expected lifespan (based on sex, birth cohort, environmental and behavioral factors). However, 1,2 and 3 focus on time of death and do not explore the potentials of survival analyses approaches.
An analysis based on selection of extreme survivors followed by an application of an affected sib pair-method allows for the search for genes influencing survival until the extreme age. However, in this case it is not possible to point out whether the effects of the genes are present during the entire human life or whether they are specific to a particular age group. Therefore, it is of interest to consider age-specific hazard rates. 4. Age-specific hazard rates: The hazard rate approach focuses on age-specific genetic effects (NIA Aging and Genetic Working Group, 2000) . The main idea is that the genes do not directly determine the human lifespan, but instead act by increasing or decreasing the age-specific force of mortality or hazard rate. In this case the variation of the risk of dying in a certain age group is the object of the study. In particular, models based on the concept of individual frailty have been used to analyse the genetic influence on age-specific susceptibility to death using Danish, Swedish and Finnish twin data (Iachine et al., 1998) . These models were subsequently extended to allow for linkage analysis of survival data (Iachine et al., 1999; Li, 1999) and may be adapted to study age-dependent genetic effects.
Another advantage of this methodology is the ability to utilize additional mortality follow-up data after DNAsample collection. At advanced ages the number of non-survivors after a 1-year follow-up might be considerable. These additional censored lifespan observations may be included in the analysis to increase the power of a genetic study (Hsu et al., 2002; Li & Hsu, 2000) .
Twin Cohorts Available in GenomEUtwin for Longevity Studies
Whether a twin cohort is suitable for longevity studies depends on a number of factors. First of all, a considerable proportion of the cohort individuals must have reached an age which may be considered as well above the normal lifespan. This means that the youngest individuals to be included in a study should have reached a minimum age around the life expe ctanc y of ne wborns. Fo r most European countries this corresponds to about 75 years. Secondly, the ability to maintain an updated cohort with respect to vital status enhances the usefulness of the cohort. A number of the twin cohorts represented in the GenomEUtwin project fulfil these criteria and are suitable for several types of longevity studies. The Nordic twin registries are extremely useful due to the ease of follow-up of the cohort members by linking to the national population registers.
The structure of the different twin cohorts can be illustrated by Lexis diagrams. In a Lexis diagram the relation between age, time and cohort is visualized by having the Yaxis representing age, the X-axis, calendar time, and the diagonal in the up-and-right direction, the life course of the individuals. By drawing a horizontal line at a given age one can easily identify cohorts, which have members above this line.
In Figure 1 Lexis diagrams for twin cohorts from six participating countries in the GenomEUtwin projectDenmark, Finland, Italy, the Netherlands, Norway, and Sweden -are shown. It follows from the above that at present only the Nordic countries include birth cohorts old enough for studies of longevity, although the ongoing establishment of the Italian twin cohorts will add a considerable number of elderly twins and thereby enlarge the basis for longevity studies in the future (Stazi et al., 2002) .
In Table 1 a list of available twin cohorts for longevity studies is given. The twin cohorts from Norway and the Netherlands are too young to be suitable for longevity studies, since the oldest Norwegian twin cohorts are born in 1967, and the Dutch Twin Registry has primarily focussed on younger twins and comprises less than 100 twins aged 70 years or more (Boomsma et al., 2002) . In Table 2 the numbers of intact twin pairs are given for different cut-off ages, illustrating the potential for identifying intact twin pairs reaching an exceptional age. Ninety years may not seem that exceptional, but having both co-twins surviving to that age only happens to about 1% of all twin pairs. Having both co-twins surviving to 95 years is certainly exceptional, and the numbers in Table  2 indicate the need of combining twin cohorts from several countries in order to have sufficient power in studies using the affected sib-pair method (DZ pairs). The declining ratio of DZ:MZ intact pairs for increasing cutoff age is well in line with a higher correlation among MZ than DZ pairs for lifespan.
Combining cohorts from several countries can be advantageous in many respects, but also introduces analytical challenges. It may be necessary to take into account the left-truncation by date present in several cohorts (i.e., they only include pairs for which both members are alive after a particular date). This implies that both members have to survive to a certain age, the age at entry, in order to be included in the sample. The age at entry is determined by the date of birth and date of truncation. The analysis of the left-truncated samples involves bivariate survival analysis methods, which can handle delayed entry and right-censoring (Iachine et al., 1998) . Both the Finnish and the Swedish cohorts exhibit left-truncation, and the analysis of each cohort as well as the combined sample requires advanced analytical methods. Application of these methods fall outside the scope of this paper, and only in the Danish cohort is the use of traditional methods for estimation of heritability of lifespan possible.
Lifespan of Danish Twins Born 1870-1910
Based on a follow-up until May 1, 1994 of Danish twins born 1870 -1900 , Herskind et al. (1996 found that the heritability of lifespan was 0.26 for males and 0.23 for females with no cohort effect. The analysis was based on same-sexed twin pairs in which both pairs survived to age 15 and in order to normalize the data, the correlation and heritability analyses used "lifespan squared". Some 0.6% of the 1870-1900 sample was still alive in 1994. We extended the follow-up of the 1870-1900 cohort up to January 8, 2003 January 8, and added the 1901 January 8, -1910 cohort to the analyses. Table 3 gives the basic descriptives of the sample. From Table 4 it is seen that the 1901-1910 cohort had correlations similar to the previous cohorts. The correlations given here are the raw lifespan correlations and therefore not directly comparable to the "squared lifespan" correlation provided by Herskind et al. (1996) .
We restricted these basic analyses to twins pairs where both survived age 15 and both died in Denmark, since the analysis of the complete sample of the Danish twin survival data is complicated by the right censoring problemabout 7% of all twin pairs born 1870-1910 contain one or more twin individuals with censored lifespan (see Table 3 ). The primary reasons for censoring are that the individuals Note: Only the oldest cohorts from each country are listed. Twin cohorts from Norway and the Netherlands are too young for longevity studies. Unless specified, both same-sexed (SS) and opposite-sexed (OS) twin pairs are included. An approach to the censoring problem, which is often applied when the number of censored observation is not too large, is to restrict the analysis to twin pairs where both individuals are deceased, as it was done for the descriptive analysis of the Danish twin survival data presented in this paper. However, this approach may lead to overestimated mortality rate and biased estimates of the correlation coefficients. Moreover, as younger twin cohorts contain more living individuals than the older ones, the censoring problem will become increasingly important if analysis of survival data from the younger twin cohorts has to be considered.
One approach to the analysis of censored bivariate survival data is bas ed on parametric survival models (Hougaard, 2000) . In this case the parameter estimation may be implemented using the Maximum Likelihood Estimation (MLE) procedure. If the goal of the analysis is the estimation of the correlation coefficient between the lifespan of the twins, it is convenient to apply a parametric survival model, which includes the correlation coefficient as one of the parameters (e.g., the bivariate normal distribution). In this case the likelihood function is constructed using the bivariate normal probability density function for the uncensored observations, the bivariate normal survival function, S(t 1 , t 2 ) = P(T 1 > t 1 , T 2 > t 2 ), for the completely censored observations and P(T 1 > t 1 , T 2 = t 2 ) = - ¶S/ ¶t 2 for pairs with one censored and one deceased twin individual. Using this approach we estimated lifespan correlations using the complete dataset, which included all censored observations (with adjustment for birth cohort and assuming equal means and variances for MZ and DZ twins). The results are given in Table 5 . There is only a small difference between the correlations estimated from the complete sample and those estimated from the completely uncensored pairs due to a relatively small degree of censoring. However, the normal distribution does not provide a satisfactory description of the human lifespan distribution, which is skewed. A better approach may be based on fitting bivariate frailty models to the data (Iachine et al., 1998) followed by the calculation of the predicted correlation coefficient. These models allow for more accurate modelling of the marginal lifespan distributions (e.g., Gompertz or gamma-Makeham mortality trajectories). We will explore these approaches in future work on the heritability of lifespan.
Perspectives
The combined twin population in GenomEUtwin will provide the basis for a wide range of longevity studies. Due to the long history of many of the participating twin registries, traditional epidemiological studies will be very powerful, especially when combined with existing population-based health re gistries found in many of the participating countries. The ability to combine the oldest cohorts in the Swedish, the Finnish, and the Danish registries will provide an opportunity to improve heritability analyses of life span. The combined samples will allow for various left-truncations, that is to say heritability conditioned by survival to, for example, age 50, age 70, age 80.
Ascertaining and drawing blood from the oldest dizygotic twin pairs in the Finnish, the Swedish, and the Danish registries will provide a valuable start for collecting a sample of extremely long-lived siblings which can be used in affected sib-pair analyses of extreme longevity. As seen in the description of the twin cohorts, a substantial proportion of these pairs have already provided blood for the registries, and high priority will be given to collect blood samples from the oldest pairs who still not have provided blood. The establishment of the Italian twin registry will add substantially to the longevity studies in GenomEUtwin as the population in Italy is 5-10 times larger than most of the Nordic countries. The Italian population aged 85+ comprises more than one million and the number of intact twin pairs in that age group is expected to be around 2-3000.
There is a growing interest in ascertaining extremely long-lived sib-pairs in order to identify genetic factors associated with longevity. A network of European scientists, several of whom are also members of GenomEUtwin, has submitted a EU proposal to ascertain extremely long-lived "ordinary" siblings in Europe in the project GEHA. Also the National Institute of Aging in the US has launched a program for various centers to collaborate in ascertaining extremely longlived relatives. The combined efforts of these initiatives will provide an excellent basis for identifying genetic variants of importance for longevity, and GenomEUtwin will be a valuable contribution to this research. 
